A new type of immobilized halophilic nuclease H, Ca-enzymecomplex, from a moderate halophile, Micrococcus varians subsp. halophilus was demonstrated. The 4-day cultivation of the bacterium in 3m NaCl CMmedium at 25°C was favorable for our purpose, producing less 5'-nucleotidase, but flocculation of the cells grown at 25°C was poorer than that of the cells grown at 30°C. On the other hand, almost all of the nuclease Hwas precipitated to form Ca-enzyme complex by addition of 70 m\r Ca2 + to the supernatant of the broth. The nuclease H activity of the Ca-enzymecomplex was increased by preferential adsorption of exogenous nuclease H. A column bioreactor packed with this enhanced Ca-enzymecomplex was used for 5 -mononucleotide production by continuous RNAdegradation.
reported that a moderate halophile, Micrococcus varians subsp. halophilus, produced an extracellular halophilic nuclease, designated nuclease H, and that the enzyme degraded RNAand DNAto produce 5'-mononucleotide exonucleolytically. Practical uses of halophiles and halophilic enzymeshave rarely been reported. Kamekura et al.3) reported the production of a flavoring agent, guanosine 5'-monophosphate (5 '-GMP) from yeast RNAat 60°C in a batch system, using a supernatant of the culture broth containing halophilic nuclease H and 5'-nucleotidase, of a moderate halophile, Micrococcus varians subsp. halophilus.
It was also demonstrated4'5) that flocculation of the cells occurred during the bacterial growth in mediumcontaining 3mNaCl along with MgSO4 and KH2PO4 greater than 40 and 14mM,respectively, and that the extracellular enzymes produced were almost completely adsorbed on the surface of the flocculated cells. In a previous paper,6) Onishi et al. reported a column bioreactor of the flocculated cells enhanced with the halophilic nuclease H for production of 5'-mononucleotides from RNA.
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In this case, selective inactivation of 5'-nucleotidase was necessary to obtain high yields of the products, because the crude enzyme solution contained 5'-nucleotidase as well as nuclease H. Our previous study6) also showed that the desalting treatment of floes in the presence of 2% MgSO4-7H2Oled to selective inactivation of 5'-nucleotidase without loss of nuclease H activity and increased the yield of 5 -GMPwith the column bioreactor. Yokoi and Onishi7) Assay of enzyme activities. Activities of nuclease and 5'-nucleotidase in the solution and the Ca-enzyme complex were assayed by the methods reported previously1'5'8* RNAdegradation using a column bioreactor ofCa-enzyme complex. Nuclease H of the Ca-enzymecomplex was enriched by suspending the complex in an excess of the CMsupernatant with 25mMCaCl2 added followed by incubation at 30°C for 1hr. After adsorption of the exogenous enzymes, the enriched Ca-enzymecomplexwas collected by centrifugation and suspended in 25mM Tris-HCl buffer, pH 8.0, containing 3m NaCl, 80mM MgSO4, and 2 mMCaCl2. A 300-ml portion of the enriched Ca-enzyme complex was mixed with 7g (wet weight) of Celite 545 that had been washed with distilled water. The slurry was poured into a column fitted with a water jacket to give a bed volume of ll x 140mm. After the column was washed with 25mM Tris-HCl buffer, pH 8.0, containing 3m NaCl, 80mMMgSO4, and 2mMCaCl2, 10ml of 1% RNAcontaining the same buffer was put on and eluted with the same buffer. The flow rate was adjusted to lO ml/hr and the effluent (2 ml/tube) was collected. The continuous degradation experiments, 6 hr for each, were run four times at 40+0.1°C. Intervals between each run were 13 to 14hr.
Analytical methods. RNAwas measured by Schneider's method.9) The degree of RNAdegradation was measured by the increase in 75% ethanol-soluble nucleotides.3) RNA degradation products, 5'-mononuleotides and nucleosides, were analyzed by high performance liquid chromatography.10) The apparatus used was a Hitachi 655A-ll equipped with a packed column, Asahipak GS-320 (7.6 x 500mm). The solvent was 6.5 mMsodium phosphate buffer, pH 3.25, and the flow rate was 2.0ml/min, monitoring the effluent at 260 nm.
Chemicals. Yeast RNAtype XI for the assay ofnuclease H, cytidine 5'-monophosphate (5'-CMP), and uridine 5'-monophosphate (5'-UMP) were purchased from Sigma Chemical
Company. Adenosine 5/-monophosphate (5'-AMP), 5'-GMP, four nucleosides, and Celite 545 were products of WakoPure Chemical Industries Ltd. Crude yeast RNA (Tokyo Kasei Kogyo Co., Ltd.) was boiled to remove insoluble materials, as described previously,3) and used as the substrate for the RNA degradation experiments.
Results and Discussion
Effects of various concentrations of salts at 20, 25, and 30°C on theproduction ofnuclease H and 5'-nucleotidase As repression of 5'-nucleotidase production was necessary for high yield of 5'-nucleotides from RNA,effects of various concentrations ofNa2SO4, NaNO3, NaBr, NaCl, and KC1 in Activities of both enzymes were assayed for the supernatant of the culture in a test tube containing 5 ml ofCM medium for 4 days at2^25 and 30°C O, NaBr; #, NaNO3; A, NaCl; A, Na2SO4; D, KC1.
a CMmedium at 20, 25, and 30°C on nuclease H and 5'-nucleotidase production were examined. Figure 1 shows the effects of several salts at various temperatures on the production of nuclease H and 5'-nucleotidase.
The production of both enzymeswere markedlyrepressed by Na2SO4. With increasing concentrations of NaNO3,the nuclease H production was more enhanced, showing the highest activity at 4 m, and where 5'-nucleotidase production was also good regardless of the culture temperature.
The production of both nuclease H and 5'-nucleotidase was repressed in 4mNaBr at 20 and 25°C, but at 30°C, it became rather good. In the case of 3m NaCl, nuclease H production was highest at any temperature examined, while 5'-nucleotidase production was slight at 20 and 25°C. The nuclease H and 5'-nucleotidase activities produced in 3 m KC1 at 25°C was about 1.4 and 3.1 times higher than those in 3 m NaCl, respectively. Thus, it was found that the bacterial cultivation in 3 m NaCl CMmedium at 25°C was the most favorable for our purpose.
Ca-enzymecomplex formation
Based on the above finding, the bacterium was cultivated in the Mg-CM medium containing 3 m NaCl, 80rriM MgSO4, and 9mM
KH2PO4at 25°C to obtain flocculated cells whose 5'-nucleotidases activity was negligible. However, the cells grown at this temperature were not suitable to use in a column bioreactor because they were poor in flocculation. Therefore, another method of immobilizing the enzymes in the CMculture at 25°C, was investigated. Kamekura and Onishi5) reported that a good flocculation of the cells occured during the growth in the CMmedium containing MgSO4 and KH2PO4 at concentrations greater than 40mMand 14mM,respectively, and also in the CMmedium containing 18 mMCaCl2 and 3 mM KH2PO4. Furthermore, the extracellular nuclease H produced in the CMmediumwas fully adsorbed on the flocculated cells. Salt bridges through Mg2+or Ca2+ ions seemed to be The effects of pH on aggregation of nuclease H with Mg2+ were also examined. After cultivation of the bacterium in 3m NaCl medium, 80mM MgSO4 and 9mM KH2PO4 were added to the broth and the pH was raised with 1 n NaOH. Although flocculation of the cells at pH 7.0 was negligible, it became distinct at pHs higher than 9.5 and aggregated completely at pH 10.0. The aggregated cells were collected by centrifugation and suspended in 25 mMTris-HCl buffer containing 2 m NaCl Finally, it was observed that nuclease H in the supernatant of CM broth could be separated as a Ca-enzyme complex in a white precipitate by addition of CaCl2. After adding CaCl2 at different concentrations to the cultured broth supernatant and incubating them at 30°C for 1 hr, the resulting precipitates were collected by centrifugation at 3500rpm for 15min and suspended in 25mMTris-HCl buffer containing 2 m NaCl and 80 mMMgSO4. Both activities of nuclease H and 5'-nucleotidase of the Ca-enzymecomplex and those of the supernatant separated were measured. The result of the effect of Ca2+ concentrations on the enzyme precipitation is shown in Fig. 2 .
With increasing Ca2+ concentration, both enzymeswere precipitated and almost all the activities of both enzymes were found in the Ca-enzyme complex precipitated at Ca2+ concentration more than 70 mM. The ratio of nuclease H activity to 5'-nucleotidase activity of the Ca-enzyme complex could be increased by making the precipitate adsorb enzymes in the supernatant of the added cultured broth. CaCl2 at a final concentration of 136mMwas added to the CM supernatant of a 4-day culture at 25°C that had 5.3U of nuclease H and 2.2U of 5'-nucleotidase perml and incubated at 30°C for 1hr to form Ca-emzymecomplex. The
Ca-enzyme complex obtained, whose nuclease
Hand 5'-nucleotidase activities were 5.0 and 2.4U perml, respectively, was suspended in another CMsupernatant of volume twice that of CMsupernatant used at first and incubated at 30°C for 1 hr. Then 25mM more CaCl2 was added and the Ca-enzyme complex was collected by centrifugation. By adsorption of enzymes in the CMsupernatant subsequently added, the total activity of nuclease H of the complex increased from 5.0 U/ml to 1 1.8 U/ml. Continuous RNA degradation using a Caenzymecomplexcolumn bioreactor Continuous RNA degradation with a column of Ca-enzyme complex was done. The enzyme activity of the column was 266U for nuclease H and 61 U for 5'-nucleotidase perml of the column. The degrees of RNAdegradation were 81.7%, 63.7%, 44.1%, and 46.7% for the 1st to 4th run, respectively. The quantitative analysis showed that the amounts of 5'-mononucleotides were somewhat larger than those of nucleosides (Table III) . In a There are no appreciable differences in the yields of 5'-mononucleotides among the three methods of the desalting,6) Zn2+ addition,7) and Ca-enzyme complex. However, the Caenzymecomplex formation is more advantageous because it is very simple. Furthermore, the Ca-enzyme complex could be repeatedly used, though the ratio of 5'-GMP to 5'-GMP+ guanosine gradually decreased as the run was repeated.
